We describe in the present paper mutations of the catalytic subunit α of PKA (protein kinase A) that introduce amino acid side chains into the ATP-binding site and progressively transform the pocket to mimic that of Aurora protein kinases. The resultant PKA variants are enzymatically active and exhibit high affinity for ATP site inhibitors that are specific for Aurora kinases. These features make the Aurora-chimaeric PKA a valuable tool for structure-based drug discovery tasks. Analysis of crystal structures of the chimaera reveal the roles for individual amino acid residues in the binding of a variety of inhibitors, offering key insights into selectivity mechanisms. Furthermore, the high affinity for Aurora kinase-specific inhibitors, combined with the favourable crystallizability properties of PKA, allow rapid determination of inhibitor complex structures at an atomic resolution. We demonstrate the utility of the Aurora-chimaeric PKA by measuring binding kinetics for three Aurora kinasespecific inhibitors, and present the X-ray structures of the chimaeric enzyme in complex with VX-680 (MK-0457) and JNJ-7706621 [Aurora kinase/CDK (cyclin-dependent kinase) inhibitor].
INTRODUCTION
Protein phosphorylation is essential to intracellular signal transduction pathways, and more than 500 human protein kinases that carry out the phosphotransfer reactions are ubiquitous, essential, embedded in complex and often redundant networks, and are regulated by highly diverse mechanisms. Aberrant kinase activity causes disease, most notably cancer, whereby the evolution of independence from organism control most often includes the disruption of healthy signalling pathways and dysregulation of processes such as DNA repair, apoptosis or cellcycle control [1] . Many kinases of such pathways are hotspots of dysregulatory mutation in cancer, and as such are validated targets for new therapeutic drugs [2] .
The protein kinase-targeting drugs approved so far are ATP competitive inhibitors, mostly of tyrosine protein kinases. Their use has demonstrated the feasibility of targeting at least some protein kinase targets, despite the risks of off-target protein kinase inhibition as a source of toxicity. Indeed, some inhibitors appear to achieve near monospecificity for their targets [3] . Others have a broader inhibition spectrum, but even this may be important therapeutically, for example, for the modulation of multiple pathways or for combatting drug resistance; some broadly selective inhibitors may be therapies of last resort for an otherwise terminal disease. So, although protein kinase inhibitor therapy is a validated approach, the inhibitors must have suitable selectivity profiles, the design of which remains a central challenge in drug discovery research. Many potential protein kinase inhibitors have failed in clinical trials due to toxicity phenomena that may have arisen from off-target inhibition. Current approaches now benefit from a large and massively growing set of informational and research tools. The combination of kinome-wide binding data, atomic resolution crystal structures, parallel synthesis and assays of compound libraries now enable ever shorter times and higher rates of drug approval.
Validated protein kinase targets include the Aurora kinases, serine/threonine protein kinases that are involved in the regulation of mitosis and cytokinesis. Aurora isoform A regulates the initiation of mitosis (G 2 -to M-phase transition), mitotic spindle assembly and centrosome separation, whereas Aurora B acts later in the cell cycle, promoting microtubule-kinetochore attachment and modification of chromatin proteins, and regulating spindle checkpoint and cytokinesis [1, 4] . Both Aurora A and B have oncogenic roles in several human cancers, but neither are clearly transforming in vivo, independent of other oncogenic factors [1, 4] . Aurora kinase C overexpression has been observed in cancer cell lines, but a distinct role in tumorigenesis has not been described [5] . Thus isoforms A and B are the major cancer drug targets in the Aurora family [6] . Which isoform is the preferred target has not been clearly established, although the distinctly different activities of Auroras A and B indicate that isoform selectivity profiles will also determine therapeutic effects; either isoform may well be the preferred target for different diseases.
In the present study, we describe surrogate or chimaeric kinases, based on the catalytic subunit α of PKA (protein kinase A), that can be used as models for Aurora kinase inhibitor studies. The approach is analogous to previous studies that described PKAbased chimaerae for PKB (protein kinase B, Akt) [7] and ROCK (Rho kinase) [8] . With the reproducible recombinant expression properties, enzymatic activity, stability and crystallizability of PKA, these chimaerae have proven valuable for inhibitor-binding studies [9] [10] [11] . In addition to their utility in identifying specific inhibitor-binding interactions, such chimaerae provide a basis for a deeper understanding of factors determining the selectivity of ATP-antagonists to specific kinases, in this case Aurora. Singlesite mutations that introduce amino acid side chains into the ATP-binding site progressively transform the pocket to mimic that of Aurora protein kinases. The resultant PKA variants are analysed with respect to enzymatic activity, affinity for Aurora-specific and other ATP site inhibitors, and the structural binding interactions as revealed by crystal structures of inhibitor complexes with VX-680 (MK-0457) and JNJ-7706621 [Aurora kinase/CDK (cyclin-dependent kinase) inhibitor].
EXPERIMENTAL

Site-directed mutagenesis
Mutations in the PRKACA gene were inserted by site-directed mutagenesis via PCR using a method described by Braman et al. [12] .
Protein expression and purification
The full-length human catalytic subunit α of PKA (GenBank ® accession number NP_002721) and variants thereof were expressed in Escherichia coli BL21(DE3)-RIL cells (Stratagene) from a construct based on the vector pT7-7 in Studierautoinduction medium [13] . The expression was carried out over a period of approximately 24 h at 24
• C. The subsequent procedures for protein purification followed previous protocols described by Engh et al. [14] .
The coding sequence of the kinase domain of Aurora kinase A (GenBank ® accession number O14965.2; residues 120-395) was cloned into pENTR/D-TOPO (Invitrogen) and subcloned into the vector pDEST17 (Invitrogen). The protein was solubly expressed in BL21(DE3)-RIL cells (Stratagene) and then purified to homogeneity by affinity chromatography in HisTrap HP columns (GE Healthcare) followed by ion-exchange chromatography in HiTrap SP FF columns (GE Healthcare). Protein identity and phosphorylation state were analysed by MS/MS (tandem MS).
Crystallization
The crystallization of PKA was carried out at 4
• C in hanging drops. The 1-2 μl droplets, containing 15 mg/ml protein, 25 mM Tris/HCl (pH 7.5), 25 mM NaCl, 1.5 mM octanoyl-N-methylglucamide and 1 mM protein kinase inhibitor peptide (5-24)-PKI (TTYADFIASGRTGRRNAIHD), were equilibrated against 12-20 % (v/v) methanol. PKA-inhibitor complexes were obtained by soaking. For this purpose, one drop volume of 20 mM inhibitor in DMSO was added to the crystallization drop. After 1 h of incubation, the crystals were harvested and flash-frozen using 30 % 2-methyl-2,4-pentanediol as a cryoprotectant.
Diffraction data collection and structure determination
The diffraction of frozen crystals was measured on beamlines at the Berlin Electron Storage Ring Society for Synchrotron Radiation (BESSY, Berlin, Germany) and at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The data were integrated and scaled with the programs MOSFLM [15] and SCALA [16] . Molecular replacement and structure refinement were carried out with MOLREP and REFMAC5 ( Table 1 ) [16] . Co-ordinate and molecular topology files for ligands were created with PRODRG [17] . 
Kinase activity assay
The binding strengths of the kinase inhibitors to the kinase variants were measured via the activity-based ATP-regenerative NADHconsuming assay described by Cook et al. [18] . The substrate peptide Kemptide (LRRASLG), routinely used for PKA, was also used for Aurora kinase A. The reaction was started by adding kinase to the assay mixture [100 mM Mops (pH 6.8), 100 mM KCl, 10 mM MgCl 2 , 1 mM phosphoenolpyruvate, 0.1 mM Kemptide, 1 mM 2-mercaptoethanol, 15 units/ml lactate dehydrogenase, 10 units/ml pyruvate kinase and 0.21 mM NADH] and the velocity was measured as a decrease in absorption at 340 nm, over a time period of 10 min in a Molecular Devices SpectraMax M2e plate reader. The velocity was measured at a series of ATP concentrations, allowing the determination of the K m value of the kinase. Dissociation constants (K i ) were calculated from the shift in the K m value for ATP upon the presence of inhibitor in the reactions, employing the formula:
Inhibitors
Aurora kinase inhibitor 3 [19] and JNJ-7706621 (Aurora kinase/CDK inhibitor) [20] were purchased from Calbiochem, VX-680 (MK-0457) [21] was from Selleck Chemicals and H-89 was from Cayman Chemicals.
RESULTS AND DISCUSSION
Sequence and structure alignments were used to identify differences in the amino acid composition of the ATP-cleft of PKA and the Aurora kinases A, B and C ( Figure 1 ). Nine major mismatches in the sequences were identified and inserted into PKA via site-directed mutagenesis. Of these, the substitutions K47R, S53K, L95Q, V104L, M120L, V123A, Q181K and T183A reflect the amino acid composition of all three Aurora kinases, whereas the mutation E127T (Thr 217 in Aurora A numbering) is specific for Aurora A ( Figure 1) .
We used the PKB-relevant double mutant Q181K-T183A (PKA_Aur2) as the starting point for the mutagenesis [7] . Gln 181 is not involved in substrate binding, but was seen to obstruct the ATP site when present in conjunction with small amino acid residue mutations at position 123 [7] . The remaining seven mutations were added independently to PKA_Aur2, and the resulting triple-mutant PKA variants were tested for enzymatic activity and for changes in inhibitor binding selectivity. The variants carrying the mutations S53K, V104L and E127T could not be expressed in significant amounts. Residues 53 and 127 form part of the peptide substrate recognition site of the kinase domain. Substitutions at these positions most probably interfere with the ability of PKA to auto-phosphorylate. As V104T was successfully introduced into PKA by Davies et al. [9] , the substitution V104L probably introduces sterical hindrance with its bulkier side chain, potentially displacing β-sheet 4 ( Figure 1 ) and disrupting the hydrophobic interaction between residues 95 and 106 of the regulatory spine of the kinase domain [22] . In all three cases, the mutation in the kinase domain leads to an inactive protein that is unphosphorylated upon recombinant expression, a state in which PKA was shown to be unstable and insoluble [23] . S53K, V104L and E127T were therefore excluded from further studies. The other six amino acid exchanges were combined to create the final PKA-based Aurora model. As the Aurora-chimaeric PKA versions had enhanced binding affinities with Aurora-specific ATP-antagonists (Table 2) , we solved crystal structures of the final 6-fold mutant chimaeric enzyme in complex with VX-680, as well as JNJ-7706621, to study the mechanisms underlying inhibitor selectivity.
Enzyme kinetics
To monitor the extent to which the PKA variants mimic the inhibitor specificity of Aurora kinases, K i values were determined for the three Aurora-specific compounds JNJ-7706621 [20] , VX-680 [21] and Aurora kinase inhibitor 3 [19] , and for the PKA-and AGC (PKA/protein kinase G/protein kinase C) kinase inhibitor H-89 [24] . The measurements were carried out in triplicate using the Cook assay [18] with wild-type PKA, the double mutant Q181K-T183A (PKA_Aur2), the triple mutants PKA_Aur2-K47R, PKA_Aur2-L95Q, PKA_Aur2-M120L and [3] . † Taken from Gassel et al. [7] . ‡ Taken from Bonn et al. [8] . § Taken from Engh et al. [14] .
PKA_Aur2-V123A, the 6-fold mutant PKA_Aur2-K47R-L95Q-M120L-V123A, and wild type Aurora kinase A. The results of these measurements are compared with relevant literature values in Table 2 and Figure 2. Where direct comparisons are possible, the literature values verify the accuracy of the data; these include binding constants of wild-type PKA for ATP and H-89 [7, 14] . In the assays, Aurora kinase A showed a considerably lower specific activity than PKA. Consequently, the high concentration of Aurora needed for the reaction raised the detection limit of the method beyond the binding constants of VX-680 and JNJ-7706621, making their determination impossible.
Crystal structure summaries
The crystal structures in the present paper are ternary complexes of PKA mutants, with the various inhibitors bound in the ATP cleft and the (5-24)-PKI inhibitor peptide bound at the peptide substrate site. (5-24)-PKI stabilizes the kinase domain and facilitates the crystallization of PKA. None of the inhibitors introduce large conformational changes in the kinase domain, including the glycinerich loop. PKA appears in its usual bilobal conformation. The N-terminal lobe, including its five β-sheets, and the primarily α-helical C-terminal lobe are connected by the hinge region, forming the ATP cleft and active site at their interface ( Figure 1 ). The C-terminal tail which loops over the N-terminal lobe, a particular feature of the AGC family kinases, is displaced by the inhibitors VX-680 and JNJ-7706621 as they extend outward from the ATP cleft. This extension displaces the side chain of Phe 327 from the cleft by approximately 5 Å (1 Å = 0.1 nm). Consistent with high flexibility, the electron density of residues 320-324 in the two structures of Aurora-chimaeric PKA is unclear and could not be modelled.
Most published PKA structures lack electron density for the first 7-14 amino acids, highlighting the flexibility of the N-terminus of PKA. However several structures are exceptions to this: Breitenlechner et al. [25] (PDB code 1SMH) and Wu et al. [26] (PDB code 1SYK) observed the complete N-terminus of PKA as an α-helix, and Yang et al. [27] (PDB code 1RDQ) observed the position of residues 1-5 bound to the protein surface close to the loop between α-helix 3 and β-sheet 4 (Figure 1 and 3) . Interestingly, in all three cases the crystallized protein was 2-fold phosphorylated at Thr 197 and Ser 338 . Recombinant PKA purified from E. coli generally appears in three different phosphorylated states. Among these, the enzyme phosphorylated at Ser 10 , Thr 197 and Ser 338 is usually the predominant form [23] . Therefore this protein is commonly used for crystallization experiments, as in the present study. Although the lack of phosphorylation at Ser 10 does not by itself ensure an ordered N-terminal helix, phosphorylated Ser 10 appears linked to disorder of the N-terminus [28] . The structures of VX-680 and JNJ-7706621 in complex with the Aurora-chimaeric PKA were both generated with enzyme phosphorylated at Ser 10 . In contrast with expectations, interpretable electron density defines the N-terminus from residue Gly 1 (complex with JNJ-7706621) or residue Ala 3 (complex with VX680), showing it as a loop that is anchored to α-helix 10 (Figures 1 and 3 ). This conformation might influence the accessibility of N-terminal features with possible regulatory roles, such as the myristylation of Gly 1 [29] or the deamidation site at Asn 2 [30] .
Structure of VX-680 in complex with the Aurora-chimaeric PKA VX-680 (MK-0457) is a potent inhibitor for Aurora kinases, and also of tyrosine kinases including Abl and drug-resistant mutants [21] . The discovery of Abl inhibition led to clinical trials as a potential leukaemia drug [31] . Although those trials were terminated, at least one inhibitor sharing the same scaffold, VE-465, and was reported to show anticancer effects in recent pre-clinical trials [32] . Three crystal structures of kinases in complex with VX-680 have been published so far: one with T315I Abl kinase (PDB code 2F4J [33] ), one as a binary complex with Aurora kinase A [34] , and one as a ternary complex with Aurora A and the activator peptide TPX2 (PDB code 3E5A [35] ). The PDB structures 2F4J (Figure 1 ). In Aurora kinase A this refolding is associated with binding to the activator peptide TPX2 [34] , but the inhibitor interacts with the aromatic side chain also in the absence of TPX2 [36] .
In the structure with the Aurora-chimaeric PKA, VX-680 resides in the ATP cleft in a binding mode which closely resembles existing structures (Figures 4 and 5) . As in the Aurora A-VX-680 and the Aurora A-TPX2-VX-680 complexes, the aminopyrazole group of the inhibitor forms three hydrogen bonds with the hinge region of the kinase, to Table  S1 ). The methylpyrazine group of VX-680 extends out of the ATP cleft, is exposed to the solvent and, unlike in Aurora A, is in contact with the C-terminal loop of PKA, including residues Lys 317 , Asn 326 , Phe 327 and Asp 328 , and also Arg 18 of the (5-24)-PKI peptide. The G-loop of PKA does not adopt a different conformation upon the binding of VX-680. Therefore the structure of the Aurora chimaera with VX-680 lacks any π-π interaction between its conserved aromatic residue on the loop (Phe 54 ) and the benzene group of the inhibitor. This contrasts with the Aurora A-TPX2-VX-680 complex, but agrees with the binary Aurora A-VX-680 structure. (These structures may be made rigid by crystallization, a view supported by recent mutational analysis of VX-680 binding [36] .) The cyclopropyl group of VX-680 in the Aurora chimaera extends to the initial portion of the 'selectivity' pocket behind Lys 72 Table S1 , calculated by the Ligand-Protein Contacts server LPC [37] ). The N-terminal α-helix 1 of the chimaeric PKA-JNJ-7706621 complex (green) superimposed with three structures of PKA lacking phosphorylation at Ser 10 ; the mutants E230Q (PDB code 1SYK [26] ), Q84E-V123A-L173M-F187L (PDB code 1SMH [25] ) and Y204A (PDB code 1RDQ [27] ). Highlighted are the N-terminus ('N-term') of the structure 1RDQ and the phosphorylated Ser 10 (P-Ser10) of the structure 3AMA. N-lobe, N-terminal lobe (white) of PKA; C-lobe, C-terminal lobe (grey) of PKA.
Structure of JNJ-7706621 in complex with the Aurora-chimaeric PKA
JNJ-7706621 (Aurora kinase/CDK inhibitor) from Johnson &
Johnson is a cell-cycle inhibitor which targets several CDKs, as well as Aurora kinases A and B [20] , and has been studied in clinical trials [38] . The present paper is the first publication of a structure showing this inhibitor in complex with a kinase. JNJ-7706621 binds by packing its aminotriazole and the neighbouring amino group against the hinge region of PKA, forming three hydrogen bonds to the residues Glu 121 and Ala 123 , as with VX-680 ( Figure 5 
H-89
H-89 is not currently of interest as a potential therapeutic agent, but other related isoquinoline inhibitors are, most notably the approved drug Fasodil. H-89 is commonly used as a PKA inhibitor in research, although it may be more appropriately considered a general AGC kinase inhibitor [24, 39] . The compound was included in the present study to test a PKA-selective compound in the Aurora-chimaeric PKA. Although two of the six mutations, both of which increase space at the binding pocket, favour the binding of H-89, V123A and T183A, the 6-fold mutant chimaera shows an almost 3-fold higher K i value for the compound than wild-type PKA (Table 2 ). 
Amino acid substitution T183A
The T183A mutation enlarges the ATP pocket and favours the binding of all four kinase inhibitors used in the present study, especially JNJ-7706621, VX-680 and H-89 (Table 2 and Figure 2 ). In agreement with this observation, structural alignments of the complexes of Aurora-chimaeric PKA and wild-type PKA show that both VX-680 and JNJ-7706621 would clash with Thr 183 . The PDB structure 1YDT [14] , a complex of PKA with H-89, reveals no clash, but a close contact between the isoquinoline group and Thr 183 might explain why its substitution to alanine improves the binding. In contrast, alignments of wild-type PKA with the PDB structure 2NP8 [40] , an Aurora A-Aurora kinase inhibitor 3 complex, do not show a contact between the inhibitor and Thr 183 , explaining the lack of influence of the T183A mutation on the binding of this compound (Table 2 and Figure 2 ).
Amino acid substitution K47R
This mutation was chosen upon the observation that the residue corresponding to Lys 47 of PKA, Arg 137 of Aurora A, forms a polar interaction with Aurora kinase inhibitor 3 in the PDB structure 2NP8 [40] . Interestingly, the K47R mutation favours the binding of the three bulky compounds, Aurora kinase inhibitor 3, JNJ-7706621 and VX-680, but does not form contacts with JNJ-7706621 or VX-680 in the respective structures with the Aurora-chimaeric PKA (Table 2 and Figure 2 ). Aurora kinase inhibitor 3, JNJ-7706621 and VX-680 must dislocate Phe 327 from the ATP cleft in order to bind to PKA, which is correlated further with a displacement of the C-terminal strand.
The C-terminal strand of PKA, which crosses the catalytic subunit and partly occludes the ATP cleft (via Phe 327 , Figure 1 ) is anchored to the N-terminal lobe by interactions that include charge complementary polar contacts to the side chain of amino acid 47. Both the wild-type Lys 47 and the Arg 47 substitution form salt bridges with Asp 328 of the C-terminal tail; Arg 47 additionally binds to the backbone carbonyl of Asp 329 . With the additional hydrogen bond, Arg 47 more strongly anchors the C-terminal tail compared with the wild-type Lys 47 . This tighter interaction may be an indirect mechanism for more favourable binding of Aurora kinase inhibitor 3, JNJ-7706621 and VX-680 by easing the displacement of Phe 327 .
Amino acid substitution L95Q
Leu 95 and the corresponding residue in Aurora kinase A, Gln 185 , are found on α-helix 3 (PKA numbering, Figure 2 ) deep in the ATP cleft. The addition of a polar group at this place significantly affects the binding affinity of only one of the kinase inhibitors tested (Table 2 and Figure 2) , namely VX-680. In the 6-fold mutant Aurora-chimaeric PKA-VX-680 structure, Gln 95 binds a water molecule in a hydrogen-bonded network that also includes Glu 91 , Ala 183 and Phe 185 in contact distance with the cyclopropane group of VX-680. The enhancement in VX-680 affinity may involve subtle energetics of the water structure near hydrophobic boundaries [41] . Corresponding hydrogen bonds exist in the Aurora A-VX-680 complex (PDB code 3E5A [35] ) that seem to stabilize the conformation of the 'selectivity' back pocket located behind the catalytic lysine residue (Lys 162 in Aurora or Lys 72 in PKA).
Amino acid substitution M120L
Met 120 , the 'gatekeeper' residue in the ATP cleft of PKA, is one of the key determinants of kinase inhibitor selectivity [42] . The corresponding amino acid in all three Aurora kinases is a leucine residue (Figure 1 ). The M120L substitution has a similar effect on the binding of the four ATP antagonists as T183A. Leucine is shorter due to branching, and occupies somewhat less total volume than methionine, allowing for the entry of small molecules to the back part of the ATP cleft. This exerts no significant influence on the binding constants of H-89, but decreases the K i values for the Aurora specific inhibitors, particularly for Aurora kinase inhibitor 3 (Table 2 and Figure 2 ).
Amino acid substitution V123A
The amino acid substitution V123A tightens the binding of Aurora kinase inhibitor 3, VX-680 and H-89 (Table 2 and Figure 2 ) although the Cβ side-chain methyl group of this residue does not share any surface contact with the ligands. However, it does seem to be linked to the plasticity of the hinge region that joins the N-and C-terminal lobes of PKA. In the two structures of Aurora-chimaeric PKA, the hinge region adopts a conformation which would be unfavourable in the wild-type enzyme due to steric hindrance between the Cγ 1 methyl group of Val 123 and the main-chain carbonyl of Ile 174 ( Figure 4 ). The slight displacement of the hinge in the Aurora-chimaeric PKA allows the backbone carbonyl of Glu 121 to move further into the ATP cleft and shortens the distance to potential ligands ( Figure 4 ). In addition, in wildtype PKA the side chains of Val 123 and Val 104 share a hydrophobic contact that probably stabilizes the position of the hinge and further prevents the translation that is seen in the Aurorachimaeric PKA. Alignments of wild-type PKA (PDB code 1CDK [29] ) and the structures of the Aurora-chimaeric PKA show that this translation decreases the distance to Glu 121 from 3.2 Å to 2.8 Å for nitrogen 1 of JNJ-7706621 and from 3.6 Å to 3.0 Å for nitrogen 19 of the compound VX-680 (Figures 2 and 4) . Although JNJ-7706621 is able to form a hydrogen bond with Glu 121 in both conformations, VX-680 in contrast depends on the translated hinge of the V123A mutant to form this polar contact (Figure 4 ). This might explain why V123A increases the binding to VX-680 almost 20-fold, but hardly influences the binding to JNJ-7706621. Alignments between the structures of the uncomplexed Aurorachimaeric PKA and wild-type PKA in complex with H-89 (PDB code 1YDT [14] ) reveal that the movement of the hinge probably does not affect the polar contacts between kinase and inhibitor. It thus appears that the increased volume of the ATP pocket, and more specifically the loss of unfavourable contacts with a methyl group of Val 123 , enhances the binding of H-89 to the ATP cleft in this mutant.
PKA variant Q181K-T183A-K47R-L95Q-M120L-V123A
This 6-fold mutant of PKA represents the final Aurora-chimaera. Interestingly, this is not the PKA variant to exhibit the lowest K i values for all Aurora-specific ATP antagonists. The inhibitors studied here feature two distinct patterns of behaviour with respect to the final chimaera. For Aurora kinase inhibitor 3 and JNJ-7706621, the positive effects of the individual mutations are cumulative, and the binding affinities are maximized when combining all mutations. On the other hand, for both VX-680 and H-89, the 3-fold mutant PKA_Aur2-V123A exhibits the lowest K i values (Table 2 and Figure 2) . Although small for VX-680, this effect is large for H-89. This is probably a consequence of the combination of mutations M120L and L95Q. Alignments of the Aurora-chimaeric PKA structures with the PKA-H-89 complex (PDB code 1YDT) [14] show a clash between Leu 120 and the H-89 molecule. Although this is easily overcome in the PKA_Aur2-M120L variant, the additional substitution of Leu 95 with the bulkier glutamine residue would hinder displacement of Leu 120 from the ATP cleft and therefore hinder the binding of H-89.
Conclusions
Aurora kinases have been in focus for several years as important cancer drug targets, and there has been a strong effort to study their inhibitor-binding properties with structural methods. Although it has been possible to obtain crystal structures from human Aurora A and Xenopus Aurora B, crystals often suffer from low resolution and poor reproducibility: fewer than 30 % of the Aurora A structures deposited in the PDB to date have a resolution better than 2.5 Å, and only one of those has a resolution better than 2 Å. One reason may be inherent flexibility of the kinase domain, so that high-resolution structures may require 'freezing out' a single 'snapshot' from a range of possible structures. Thus an understanding of the structural basis of Aurora properties requires multiple crystal structures, combined with binding studies that probe effects from the physiological environment, including cofactor and substrate binding.
PKA has historically enjoyed a central role as the prototypical protein kinase for functional and structural studies [43] . Using PKA as a basis for a surrogate enzyme takes advantage of the fact that it crystallizes rapidy and reproducibly, even with an empty ATP cleft, resulting in stable and large crystals that can tolerate soaking procedures with various solvents. This allows for the solution of inhibitor-kinase complex crystal structures in a matter of hours to days, depending on X-ray sources and crystallographic techniques. Furthermore, the size and quality of the crystals enable the measurement of adequate data sets on a home source X-ray generator without the need to travel to a synchrotron. And at a synchrotron, PKA crystals can achieve resolutions that are exceptional for kinase structures [27] .
The Aurora-chimaeric PKA reported in the present paper shows tremendously increased binding affinities to the Aurora kinase-specific inhibitors VX-680, Aurora kinase inhibitor 3 and JNJ-7706621, and decreased binding to the PKA/AGC-specific inhibitor H-89. Especially for Aurora kinase inhibitor 3 and JNJ-7706621, the model works well. The K i value for JNJ-7706621 matches literature values for Aurora kinase A and B, and the value for the Aurora inhibitor 3 is approximately 3-fold as high as for Aurora A. For VX-680, the Aurora-chimaeric PKA does not achieve the same binding strength as the true target. This may be due to the need to displace Phe 327 and the C-terminal tail of PKA, and also to more subtle effects, such as altered propensities for G-loop refolding that may be important for binding in Aurora [36] . Despite the imperfections, the affinities to the chimaeric PKA give confidence that the use of the chimaera in co-crystallization with Aurora-specific inhibitors, or in activity-based screenings, could be valuable in discovering inhibitors and evaluating their binding modes. We have demonstrated the use of the PKA-chimaera structures by comparing the Aurora-chimaera-VX-680 complex to existing structures of the compound bound to the real Aurora kinase. We showed that the binding mode of VX-680 as well as the interaction between inhibitor and kinase are nearly identical.
The high enzymatic activity of PKA allows a rapid determination of binding constants for inhibitors. The relevance of the kinetic data presented here is 2-fold: it demonstrates that the chimaera mimics the kinetic properties of the target, and it allows investigation into the effects of individual residues on the binding of specific classes of inhibitors. For example, the data highlights Thr 183 as a determinant for PKA specificity, as its substitution to alanine favours the binding of all four ATP antagonists used. The same is true for V123A, which shows a positive effect on the binding of all inhibitors except for JNJ-7706621. The importance of the gatekeeper is apparent, as the substitution from Met 120 to the corresponding leucine residue of Aurora strengthens the binding of all three Aurora inhibitors. Interestingly, Leu 95 , which occupies the very back of the ATP cleft on α-helix 3 ( Figure 1 ) also influences inhibitor binding, as its mutation to glutamine enhances the binding of VX-680. Finally the kinetic parameters for H-89 unmask its bulky isoquinoline group as a poor hinge binder for a PKA-specific inhibitor, as it suffers from clashes with the side chains of Val 123 and Thr 183 upon binding to wild-type PKA. The 6-fold mutant Aurora/PKA chimaera presented in the present paper is thus a suitable surrogate for Aurora for many applications. Because most modelling efforts cannot quantitatively reproduce binding energies, mimicking the extent of buried surface areas and polar interactions of residues in immediate contact provides the most essential information for design purposes. The distinct VX-680 affinities for the chimaera and Aurora also show that more subtle effects, most usually involving flexibility, can play an important role in some cases. Although this presents a caveat for the use of surrogate structures, the same caveat applies to the use of crystal structures in general, and indeed for any in vitro characterization, which usually rely on truncated monomeric proteins in non-physiological environments. For full characterization of Aurora inhibitors, functional flexibility that has been seen with co-factor binding and refolding events of the G-loop and activation loops must be considered.
The present study validates the surrogate approach for structural-functional studies of Aurora kinase and provides relevant information on the influence of amino acid residue variations on ligand-binding properties. We hope that it contributes to a compilation of general protein kinase selectivity rules that will enhance the predictivity necessary for structureguided drug discovery for the kinome family in general.
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